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evere ischemia is a common cause of tissue injury after organ transplantation and myocardial infarction and also promotes the development of ventricular dysfunction and atherosclerosis. [1] [2] [3] Although most of the consequences of ischemia have been attributed to hypoxia or to postischemic reoxygenation, 4 -8 loss of blood flow is also the cause of nutrient deprivation (ND), which by itself may trigger multiple intracellular signaling pathways, independent of hypoxia or reoxygenation. After an episode of ischemia, inflammatory cells accumulate within blood vessels and play an important role in the progression of ischemic heart disease. 7 Recent studies have suggested that reactive oxygen species (ROS) may be an important intracellular signaling messenger linking tissue ischemia to the subsequent inflammatory responses. 8, 9 Monocyte chemoattractant protein-1 (MCP-1), a chemotactic and activating chemokine peptide, is a key regulator of monocyte 10 and T lymphocyte recruitment to sites of inflammation. 11 In addition to its chemotactic properties, MCP-1 also induces functional changes in monocytes, including superoxide production, cytokine secretion, and adhesion molecule expression. 11 Elevated levels of MCP-1 have been found in patients with unstable angina, 12 myocardial infarction, 13 and heart failure, 14 as well as after coronary angioplasty, 15 and have been correlated with poor outcomes in these conditions. However, the exact molecular mechanism controlling expression of MCP-1 in ischemia remains unclear.
The small GTP-binding protein Rac1 regulates the production of ROS by the NADPH oxidase complex, the major regulated source of superoxide in vascular cells. 16 -20 Previously, we have shown that Rac1 mediates oxidant production in response to hypoxia/reperfusion in several cells types 17 as well as the induction of an acute inflammatory response in a mouse model of hepatic ischemia/reperfusion. 21 The role of Rac1 and ROS in ischemia-induced MCP-1 production, however, has not been reported.
In this study, we now investigate the effects of ND, a condition associated with ischemia, on MCP-1 protein production by human aortic endothelial cells (HAECs) and the role of Rac1 in this process. We show that ND, but not hypoxia, induces MCP-1 production by HAECs in a time-dependent manner, which peaks at 24 hours. MCP-1 production under ND requires Rac1 and superoxide, demonstrated by inhibition with a dominant-negative Rac1 or with antioxidant treatment. In addition, ND stimulates nuclear factor-B (NF-B) transcriptional activity, leading to subsequent MCP-1 production through a Rac1-controlled pathway.
Materials and Methods

Cell Culture
HAECs were obtained from Clonetics. The cells (passage 6 to 8) were grown in endothelial growth medium (EGM2-MV, Clonetics) supplemented with 10% of fetal bovine serum (FBS), gentamicin (50 g/ml), and growth supplements until confluent monolayers were obtained. They were then subjected to ND, by shifting from 10% to 1% of FBS and growth supplements for different time points indicated in each experiment. For the hypoxia/reoxygenation experiments, HAECs were placed in a modular hypoxia chamber (Billups-Rothenberg). All cultures were maintained in 95% air, 5% CO 2 at 37°C.
Adenoviral Construction and Infection
The recombinant replication incompetent adenovirus RacN17 and RacV12, containing the c-Myc-tagged dominant-negative and the c-Myc-tagged constitutively activated form of Rac1, were prepared as described. 22 
Western Blotting Analysis
Protein lysates were prepared and extracts were separated by SDS-PAGE on a 4% to 20% Tris-glycine gel. Blots were then probed with monoclonal antibody to c-Myc.
Quantification of MCP-1 Protein
MCP-1 protein released into the medium was measured with a Quantikine Human MCP-1 Immunoassay ELISA kit. (R&D Systems).
Reactive Oxygen Species Detection
ROS generation was estimated by dihydroethidium (DHE) staining using a Nikon Eclipse 800 fluorescence microscope, as describe previously. 23 
Transfection and NF-B Luciferase Reporter Assay
Transient transfection of the pNFB-TA reporter gene and pSV-Bgal was performed using a FUGENE 6 (Roche). Cellular activities of luciferase and ␤-galactosidase were performed according to the manufacturer's protocol using a Luciferase Assay Kit (Promega) and Galacto-Light Chemiluminescent Reporter Gene Assay System (Tropix Inc).
Immunofluorescence
To study NF-B nuclear translocation, HAECs under 6 hours of ND were stained with anti-NF-B p65 polyclonal antibody (Santa Cruz) and anti-Myc Tag polyclonal antibody.
Rac1 Activation Assay
Rac1 activation was measured by affinity precipitation assay (Upstate), using a GST-PAK-PBD fusion protein that binds GTP-bound activated Rac1, as described. 24 
Statistical Analysis
Data are presented as meanϮSEM The results were compared by either ANOVA followed by Bonferroni's multiple comparison post test or Student's t test wherever appropriate. Statistical analysis was performed using STAT view software SAS Institute Inc and Altura Software Inc. Significance was defined as a value of PϽ0.05.
An expanded Materials and Methods section can be found in the online data supplement at http://www.circresaha.org.
Results
Nutrient Deprivation Induces MCP-1 Production by HAECs
Because MCP-1 has been shown to participate in inflammatory responses in ischemia/reperfusion models, 7,25,26 we examined the effect of ND, a consequence of ischemia, to induce MCP-1 production on HAECs by ELISA. ND resulted in a significant increase in MCP-1 release by HAECs (5.8Ϯ0.7-fold) in a time-dependent manner peaking at 24 hours, and in a serum concentration-dependent fashion, reaching maximum production by lowering FBS to 0.1% (1267Ϯ124 g/g) ( Figure 1) . However, such serum depletion led to apoptosis with Ն30% of cell death relative to Ϸ10% with 1% of serum (trypan blue-positive cells). Hence, ND conditions in the rest of the experiments were selected as 1% of serum. To rule out the role of apoptosis in MCP-1 modulation, we also assessed cell death in the experiments conducted in 1% serum under the various experimental conditions. We found reduced level of cell death from 12% in Adnull transduced cells to 6% and 6.5% on RacV12 and RacN17 transduced cells, respectively; and reduction from Figure 1 . ND increases MCP-1 protein expression. A, MCP-1 protein expression increased in a time-dependent manner with maximum production at 24 hours, in contrast to unstarved cells at a similar time point. ND was obtained by shifting the serum from 10% to 1%, measurements were quantified by ELISA, and values are represented as meanϮSEM for 4 independent experiments (*PՅ0.05,**PՅ0.01 vs control). B, HAECs were subjected to ND for 24 hours with different serum concentrations (0% to 2%). Maximum protein expression was noted at 0.1% of serum, relative to control cells in 10% serum. Values are represented as meanϮSEM for 3 independent experiments (*PՅ0.05, **PՅ0.01 vs control). C, HAECs subjected to hypoxia (Billups Chamber) demonstrated decreased MCP-1 with isolated hypoxia, but increased MCP-1 with ND or hypoxia followed by prolonged reperfusion (*PՅ0.05 vs normoxia). Values are represented as meanϮSEM for 3 independent experiments.
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9.9% to between 4% and 6% with treatment with different antioxidants (online Figure 1 , in the online data supplement at http://www.circresaha.org). With this analysis, it appears highly unlikely that the increase in MCP-1 concentration is a result of apoptotic changes. Instructively, 18 hours of hypoxia in the absence of either ND or reoxygenation resulted in no increase in MCP-1 levels ( Figure 1 ). These results indicate that the hypoxia component of ischemia is not primarily responsible for MCP-1 production by HAECs.
Nutrient Deprivation Increased the Level of Superoxide
Recent evidence has suggested that ROS play a pivotal role in mediating endothelial cell response to ischemia. 27, 28 For example, increased intracellular ROS levels can regulate redox-sensitive genes, such as MCP-1. 28, 29 Thus, to investigate whether ND-induced MCP-1 protein production is mediated via ROS generation, we measured the levels of the intracellular ·O 2 Ϫ with the oxidant-sensitive probe, DHE. The levels of nuclear DHE fluorescence significantly increased after exposure to ND at 6 hours and reached a plateau at 18 hours (Ϸ6-fold increase) ( Figure 2 ). To elucidate the sources of ROS generation during ND, we used DPI (10 mol/L), an inhibitor of flavin-containing oxidases and a more specific competitive inhibitor of NAD(P)H oxidase, gp91ds-tat (25 mol/L). ·O 2 Ϫ generation was markedly attenuated when the cells were pretreated with DPI or gp91ds-tat by 59.7% and 55.3%, respectively ( Figure 2) . Similarly, the SOD mimetic, MnTNPyP caused a significant reduction on DHE signal after ND. These effects suggest that ND-induced ·O 2 Ϫ generation occurs through the activation of NADPH oxidase. In addition, to test a putative role for other sources in ROS generation in response to ND, nitric oxide synthase was inhibited by preincubation with L-NAME, 10 mol/L and xanthine oxidase with allopurinol (100 mol/L). In contrast to the NADPH oxidase inhibitors, L-NAME and allopurinol only modestly attenuated DHE oxidation after ND (Figure 1 ). This observation suggests that the involvement of NOS and the xanthine oxidase in DHE oxidation were relatively minor in our model.
Effects of Antioxidants on ND-Induced MCP-1 Production
To determine whether MCP-1 production under ND is mediated through superoxide, we examined the effects of various antioxidants/ROS scavengers on this response. Cells were incubated for 1 hour before ND with two different SOD mimetics, MnTNPyP and TEMPOL. In the presence of ·O 2 Ϫ scavengers, there was a significant reduction on MCP-1 protein levels by 58.3% and 62.8% (Figure 3) . A similar effect was observed when the cells were pretreated with the cell permeant chemical antioxidant, N-acetylcysteine (NAC). Next, we demonstrated the effect of NADPH oxidase inhibition on MCP-1 production under ND by preincubation with DPI and gp91ds-tat. Consistent with our results with antioxi- 
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dants, both inhibitors of the NADPH oxidase system effectively inhibited MCP-1 secretion by 60.4% and 53.9% (Figure 3) . In contrast, L-NAME and allopurinol did not show relevant protective effect on MCP-1 production. These data indicate that superoxide/NADPH oxidase system mediates the enhanced release of MCP-1 during ND.
Role of Rac1-Mediated ROS Generation and MCP-1 Production
It is known that Rac1 is an integral part of the NADPH oxidase complex and regulates ROS production in phagocytic and nonphagocytic cells. 16, 22, 30 In an effort to explore whether Rac1 is required for ROS generation and MCP-1 production after ND, we transduced HAECs with dominant-negative Rac1. Western blot analysis detected the expression of the epitope-tagged form of Rac1 in transduced cells (Figure 4 
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absence of ND also resulted in an intense increase in DHE fluorescence in a gene dose-dependent fashion ( Figure 4 ). We next assessed the inhibitory effect of RacN17 expression and GGTI-298 on MCP-1 protein production on ND. We observed a significant reduction by 54.3% and 67.9% in MCP-1 production after ND, with RacN17 and GGTI-298, respectively. In contrast, cells pretreated with FFTI-277, a farnesyl transferase inhibitor specific for Ras activation, did not show significant reduction of MCP-1 production ( Figure 5 ). Moreover, overexpression of RacV12 in unstarved cells increase MCP-1 expression to a similar level as that obtained with ND ( Figure 5 ). Using a PAK-affinity precipitation assay for Rac activation, we showed that ND strongly activates Rac after 15 to 30 minutes, and then induces a prolonged but low level of Rac1 activation, up to 18 hours ( Figure 6 ). Taken together, these data indicate that Rac is required to trigger activation of vascular NADPH oxidase and subsequent MCP-1 protein expression in the context of ND.
Role of NF-B in the Regulation of MCP-1 Expression
Because Rac1 is known to regulate the transcriptional activity of NF-B and NF-B activation is redox-sensitive, 22, 31 we speculated that Rac1-regulated intracellular ROS produced by ND may promote MCP-1 release by HAECs through NF-B. Activation of NF-B occurs with the phosphorylation and release of IB protein, which forms an inhibitory complex with the NF-B dimer in unstimulated cells, retaining NF-B in the cytoplasm. On activation, NF-B translocates to the nucleus, binds target DNA sites, and activates gene transcription. 32 Thus, we followed the intracellular movement of NF-B by immunofluorescence using NF-B p65 specific antiserum in the presence of various redox cellular conditions after 6 hours of ND. We found marked nuclear translocation of NF-B p65 in HAECs in response to ND (6 hours) as well as in cells transduced with RacV12. In contrast, control cells mostly retained NF-B in the cytoplasm. In addition, RacN17-transduced cells showed a 70.3% reduction in NF-B nuclear translocation under ND ( Figure 7) .
Next, to determine whether ND also increased NF-Bdependent transcriptional activity, NF-B reporter assays were performed. ND induced NF-B transcriptional activity in a time-dependent manner, peaking at 18 hours, an Ϸ4-fold increase relative to control (Figure 8) . Moreover, RacN17, as well as pretreatment with SOD mimetic or the antioxidant NAC, substantially reduced NF-B transcription activity. On the other hand, transduction with RacV12 significantly increased NF-B activity, even in the absence of ND. Therefore, ND-induced NF-B nuclear translocation and transcriptional activity were consistent and appeared to be dependent on Rac1-regulated ROS production. 
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To further confirm that NF-B activity is indeed involved in the regulation of MCP-1 protein production by ND, we pretreated the cells with inhibitors of the NF-B pathway, including PDTC, which inhibits IB degradation, and the more selective inhibitor, SN-50, which contains the nuclear localization signal of the p50 subunit and interferes with the nuclear transport of NF-B. 33 Both agents significantly reduced MCP-1 protein production by ND (Figure 8 ). These results confirm that NF-B under the control of Rac1 and NADPH oxidase contributes to expression of MCP-1 protein under ND conditions.
Discussion
This study provides new evidence that nutrient, and perhaps, growth factor deprivation, conditions associated with ischemia, induce MCP-1 production by HAECs in a timedependent fashion. This process is redox-sensitive, involves NADPH oxidase activation and subsequent ROS generation, and is regulated by the small GTPase Rac1. Moreover, we show that NF-B is a Rac-dependent downstream regulator of MCP-1 expression. MCP-1 released by endothelial cells in a canine model of ischemia has been shown to contribute to recruitment of monocytes 7, 25 and blocking antibodies against MCP-1 can reduce infarct size in rat hearts. 34 In our model, the increase in MCP-1 protein concentration in response to ND is a robust 5-fold induction, far exceeding the 2-fold increase seen in clinical studies of myocardial infarction, 13 unstable angina, 12 or restenosis. 15 Furthermore, the overexpression of MCP-1 resulting from ND reaches levels that optimally stimulate chemotaxis. 35, 36 In contrast, hypoxia if anything, decreases MCP-1 production by HAECs, strongly suggesting that ND, and not hypoxia, is the crucial component of ischemia that triggers signaling pathways that lead to inflammatory responses under ischemic conditions. Consistent with our findings, previous studies in pulmonary endothelial cells using an in vitro oxygenated ischemia model, have demonstrated production of ROS and activation of signaling pathways in response to combined shear stress and ND. 27, 36, 37 In addition, studies have also shown decreased production of ROS by hypoxia in pulmonary endothelial cells. 38, 39 Thus, for the first time, we demonstrated that ND is sufficient to induce ROS generation and MCP-1 production by HAECs under normoxia condition.
We have shown that ND-induced ROS production is via the NADPH oxidase complex. Although ischemia and reperfusion are known to increase endothelial cell ROS production, the sources of ROS in global ischemia are unclear and 
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may depend on the different components of ischemia. Previously, we and others have shown NADPH oxidase is the source of ROS in vascular cells after hypoxia/reperfusion injury. 17, 39 In contrast, some studies have shown that xanthine oxidase or endothelial nitric oxide synthase are key source of ROS in anoxia/reoxygenation models. 37, 40, 41 We now show in HAECs that after 6 hours, ND significantly increases NADPH oxidase-dependent superoxide production, as assessed by DHE fluorescence. The ability of DPI and the gp91 ds-tat peptide, but not L-NAME or allopurinol, to decrease DHE fluorescence and MCP-1 production in response to ND strongly suggest that NADPH oxidase is the major source of superoxide in our model. Similarly, Fisher and colleagues, 28 using a lung-oxygenated ischemic model, have shown inhibition of ROS generation with DPI, but not with allopurinol, a xanthine oxidase inhibitor. Furthermore, in vivo ROS production after ischemia is decreased in the gp91 phox knockout mouse, confirming the role of NADPH oxidase role in oxygenated ischemia. 28 Ischemia is a complex physiological process, in which both hypoxia and deprivation of nutrients and growth factors contribute to cellular injury. Although it has been shown that ischemia/reperfusion results in inflammatory responses, such as an MCP-1 increase, the model systems used in most of these studies have included both hypoxia and ND to recapitulate the ischemic insult. We have dissected the role of ND and hypoxia during ischemic events relative to MCP-1 production. Our results indicate that ND is sufficient to trigger MCP-1 overexpression during ischemic events, independent of hypoxia or reoxygenation. However, we cannot rule out the possibility of independent effects of hypoxia in this process. Other aspects of ischemia, such as shear stress or lack thereof, were not examined. The ability of ND, however, to activate the NADPH oxidase and NF-B/MCP-1 pathway in vitro suggests that this pathway may mediate ischemiainduced inflammatory response in vivo as well.
Further, NADPH oxidase activity requires Rac, and we demonstrate for the first time a requirement of Rac1 in an intracellular pathway leading to ROS generation after ND. We showed strong Rac activation using a PAK-binding assay, after 15 to 30 minutes of ND, with subsequent lower amplitude but prolonged Rac activation. Interestingly, Rac activation as measured by PAK binding precedes the detection of Rac-dependent superoxide production. This illustrates the ability of Rac to be differentially activated for unique effector pathways and highlights the limitation of using PAK binding as a surrogate for Rac activity because it only measures Rac affinity for one effector, PAK. The requirement of Rac in ND-induced MCP-1 production, however, is clear. Rac inhibition with a dominant-negative construct or GGTI leads to a decrease in ND-induced NF-B activation and MCP-1 production by HAECs. Moreover, cells overexpressing the constitutively active form of Rac1 mimic the effect of ND with increased superoxide, NF-B activation, and subsequent MCP-1 production. The kinetics of NF-B transcriptional activity occurred concurrently with the Rac-induced superoxide generation and later than Rac/PAK-binding, with NF-B translocation at 6 hours and reporter activity beginning at 6 hours and peaking at 18 hours. Together, these data support that Rac is required to regulate activation of vascular NADPH oxidase, NF-B activation, and subsequent MCP-1 protein expression in the context of ND.
ROS other than superoxide or additional signaling pathways such as MAP kinase may also participate in NDinduced MCP-1 production. Nonetheless, our data suggest that efforts aimed at preventing inflammatory injury during ischemic events, based on targeted inhibition of Rac or Rac-dependent pathways, may be an effective and useful approach in a variety of clinical conditions in which the ischemia and MCP-1 play a crucial role.
In conclusion, the data presented here provide evidence for the requirement of Rac1/NADPH oxidase signaling pathway in mediating superoxide generation, NF-B activation, and subsequent MCP-1 production in response to reduced nutrient supply, one of the components of ischemia, independent of hypoxia or reoxygenation.
